We develop a double-differential spectroscopic analysis method for broadband near-infrared ͑NIR, 650 to 1000 nm͒ absorption spectra. Application of this method to spectra of tumor-containing breast tissue reveals specific cancer biomarkers. In this method, patient-specific variations in molecular composition are removed by using the normal tissue as an internal control. The effects of concentration differences of the four major tissue absorbers ͑oxyhemoglobin, deoxyhemoglobin, water, and bulk lipid͒ between the tumor and normal tissue are accounted for to reveal small spectral components unique to cancer. From a pilot study of 15 cancer patients, we find these spectral components to be characterized by specific NIR absorption bands. Based on the spectral regions of absorption at about 760, 930, and 980 nm, we identify these biomarkers with changes in state or addition of lipid and/or water. To quantify spectral variation in the absorption bands, we construct the specific tumor component ͑STC͒ index. The STC index identifies regions of the breast with tumors.
The basis for near-infrared ͑NIR͒ spectroscopy and imaging in breast cancer has been that tumor alterations of tissue vascularization/angiogenesis and oxygen consumption can be measured through hemoglobin concentration and oxygenation state, respectively. Several investigators have developed diffuse optical imaging ͑DOI͒ and diffuse optical spectroscopy ͑DOS͒ instruments at discrete wavelengths in the 650-to 850-nm range to detect and characterize breast tumors due to the absorption of both oxy-and deoxyhemoglobin. NIR tissue absorption spectra are typically fitted with hemoglobin extinc-tion spectra obtained in vitro to quantify tissue hemoglobin concentrations.
Increased levels of hemoglobin are often found in malignant breast tissues. 1 However, hemoglobin is not a specific marker for tumors. Several groups have increased the wavelength range and number of absorbing components to which the absorption data are fitted to include water and bulk lipid. [1] [2] [3] These four components form the basis spectra for breast tissues. However, like hemoglobin, water and bulk lipid are present in both diseased and normal tissues, and are not specific to cancer.
In our experience, fitting broadband absorption spectra to the known basis spectra for breast chromophores produces small mismatch residuals. There are several possible sources of these mismatches. One possibility is that the four component basis spectra, which have been obtained in vitro, do not correctly quantify absorption in vivo. Published hemoglobin extinction spectra have small but clear differences between their shapes. 4 There is debate whether or not the spectrum of water found in tissues is the same as that of bulk water. Ideally a patient-specific basis spectra set should be used for analysis.
Another possibility for the mismatches is that the current basis spectra do not fully account for all NIR tissue absorption. For example, tumors alter protein expression, modify lipid and water states, and generate hemoglobin breakdown products. 5 Multivariate spectral analysis methods have addressed this shortcoming of currently used basis spectra, but finding the meaning behind cancer-related coordinates can be difficult.
To account for all possible compositional differences between tumor and normal tissues, we hypothesize that a unique NIR tumor component spectrum exists, which we refer to as the specific tumor component ͑STC͒ spectrum. The STC spectrum would be highly specific to the tumor-containing tissue, and should not be found in normal tissues. However, since mismatches between absorption spectra and the basis spectra fits exist for both tumor and normal tissues, we need a method that can account for patient-specific shifts in basis spectra, as well as individual biochemical variations in normal tissue. To detect a potential STC spectrum, we have developed a doubledifferential method. We begin with the difference spectrum between tumor and normal tissue, fit this spectrum to the four component basis spectra, then focus on the residuals to this fit.
It is imperative that we obtain a broadband tissue absorption spectrum that is corrected for the effects of multiple scattering. We used a DOS instrument to measure broadband NIR absorption and scattering spectra from 650 to 1000 nm. 1 Using a handheld probe absorption spectra were obtained at several spatial locations over both tumor-containing and normal tissue for each subject, with the normal region serving as a patient-specific control. Fifteen subjects were studied, and all lesions were confirmed by standard pathology. Data were acquired in compliance with an institutionally approved human subjects research protocol ͓University of California, Irvine ͑UCI͒ 02-2306 and 95-563͔.
Here we present the algorithm for the double-differential spectroscopic method for computing the residual due to components that are unaccounted for by the basis spectra. Tissue absorption and scattering spectra were calculated using custom software in MATLAB ™ . 1 The resulting absorption spectra were analyzed by in-house Elantest software to calculate the STC spectra.
We begin by assuming that the absorption spectrum at a particular location can be expressed as a linear combination of the basis spectra plus the unaccounted STC:
where A T is the absorption spectrum of tumor-containing tissue as a function of position on the breast given by x and y coordinates, and wavelength . Following, a i is the fractional contribution to the overall absorption. S i * contains the four component basis spectra. The * in this notation indicates that the spectra are patient specific ͑i.e., not known͒. In other words, we account for individual molecular differences of hemoglobin, water, and lipid by defining basis spectra for each subject. The goal of our analysis is to recover the STC.
In Fig. 1 we show a schematic of the algorithm. We begin by using a representative A T ͑650 to 990 nm͒ at a single spatial location over the tumor ͓Fig. 1͑a͔͒. This algorithm should also be performed for normal tissue. We then calculate the average absorption spectrum of the normal breast A N ͑͒. This is obtained by averaging the spectra taken at the various positions on the unaffected normal breast tissue. By taking an average we acquire a baseline spectrum of "normal" tissue for the patient ͓Fig. 1͑b͔͒:
where c i is the fractional contribution of the patient-specific basis spectra to the overall absorption in normal tissue. The difference spectrum D ͓Fig. 1͑c͔͒, at each spatial location is obtained by subtracting the A N ͓Fig. 1͑b͔͒ from the A T ͓Fig. 1͑a͔͒:
Here, the symbol ⌬ i ͑x , y͒ = ͑a i − c i ͒ indicates differences between the basis component concentrations at different spatial locations. In calculating STC, the spectra are referenced to a patient-specific baseline of normal tissue. In other words, we correct the tumor spectra for any intrasubject variation to reveal only differences between tumor and normal tissue. Solving Eq. ͑3͒ for the STC spectrum leaves:
In Eq. ͑4͒, the last term is the fit of D to the standard basis spectra. By fitting the difference spectrum D as opposed to A T , the variation due to differences between the S and S * basis spectra are minimized; thus the STC component can be recovered with relatively high precision. If we had fitted Eq. ͑1͒ instead of Eq. ͑3͒ using the standard basis spectra, the coefficients of the fit a i would have been large and the differences between S * and S ͑the patient-specific basis spectra and the standard basis spectra͒ would overwhelm the subtle differences due to the STC component. Thus the single differential residual mainly reflects intersubject differences, thereby masking the subtle differences between tumor and normal tissue for a given patient. In the double-differential method, we subtract out the common residual for tumor and normal from fitting to the standard basis spectra; thus the selection of the basis spectra has little impact in revealing spectral differences due only to tumors. For the normal tissue, the difference spectrum ͑at each location͒ has been completely fitted by using the four components, resulting in residual spectra which are essentially a flat, featureless line with values close to zero. This means that the spectral differences between the normal and reference spectrum should be accounted for by the "natural" compositional differences, thus no new component should be needed.
Two crucial internal controls must be performed for each patient. If we calculate the residual from the doubledifferential method for different locations of the unaffected breast, we expect the residual spectra to be that of normal tissue. If we repeat this second differential analysis for the breast with tumor, we expect to observe a spatially dependent residual. The outcome for the normal surrounding tissue should be the same as that for the normal tissue spectra of the unaffected side. However, at the tumor regions we expect a residual different from normal tissue. We performed a phantom experiment to verify that the double-differential method can recover an unknown spectrum that is not part of the basis set. Unaccounted for components were recovered using the double-differential method.
In Fig. 2 , we show a comparison of the average of 15 tumor spectra along with the average of normal spectra obtained from the contralateral normal side. Patients ranged in age from 32 to 57 years, nine pre-and six postmenopausal, with pathologically confirmed diagnosis of invasive ductal carcinoma, with one patient diagnosed with adenocarcinoma with lobular features. Fig. 1 Algorithm for the double-differential method: ͑a͒ Scatter-corrected absorption spectrum at a single spatial location over tumor-containing breast tissue. ͑b͒ Representation of average normal absorption spectra. ͑c͒ Difference spectrum obtained by subtracting ͑b͒ from ͑a͒. ͑d͒ STC spectrum obtained from subtracting the fit of the difference spectrum using the four basis components from the difference spectrum ͑c͒.
From inspection of the average STC spectra, we find systematic differences in roughly five spectral regions: region 1: 650 to 665 nm; region 2: 730 to 800 nm; region 3: 875 to 930 nm; region 4: 930 to 960 nm; and region 5: 980 to 990 nm ͑Fig. 1͒. In an effort to quantify the amount of STC spectrum, or the amount of "tumor biomarker," we calculate the local residual variance for each spectral region, defined by:
The local variance L k is a function of position on the breast given by x and y coordinates. The index k indicates a given spectral region and N k indicates the total number of wavelengths in the spectral region. STC i ͑ i , x , y͒ is the value of the STC spectra at a given wavelength. The STC index is the sum of all local variance L k . Across all patients, the STC index displays the maximum value over regions of tumor-containing tissue, as opposed to normal tissue surrounding the lesion or normal contralateral breast tissue. Note that the STC index is our first step toward quantifying the unique spectrum and using it to identify lesions. Improved methods of spectral content analysis must be further developed.
With regards to tissue heterogeneity, we make two observations. First, we used reference spectra from different spatial locations and found that tissue heterogeneity does not affect the recovered STC spectra. Second, we believe that the amount of the STC component could depend on the particular geometry of the lesion. However, the overall spectra shape of the STC should be less affected.
The investigation of the biochemical/physical origin of the STC spectrum will be the subject of a future manuscript. Changes in region 1 ͑650 to 665 nm͒ may be due to other types of hemoglobins or breakdown products in tumors. In region 2 ͑730 to 800 nm͒, we observe a distinct negative peak in the STC spectra. As per the definition of STC, a negative peak indicates absence of a component or a broadening of the NIR band. Spectral changes in this region may be suggestive of different lipid composition in the tumor. With regards to region 3 ͑875 to 930 nm͒ and region 4 ͑930 to 960 nm͒, we see a negative peak immediately followed by a positive peak. This may be indicative of a spectral shift toward longer wavelengths. This is also the spectral region in which lipids have characteristic absorption spectra due to absorption of C-H bonds at 920 to 930 nm. Thus if there are differences in lipid composition in the tumor-containing tissue with respect to the normal tissue, then this spectral region is likely to be affected. In region 5 ͑980-990 nm͒ we observe spectral changes that may be attributed to differences in the O-H overtone region. Two possible candidates for these changes are the O-H of water and lipid oxidation products.
In conclusion, we present an algorithm for a novel analysis method of NIR absorption spectra. We show an application of method to breast tissue absorption spectra. Through this method we retrieve the spectral differences between normal and diseased tissue for a patient by fitting the difference spectra using the four basis component spectra and then analyzing the residuals of this fit. This differential approach requires regions of normal and tumor breast tissue within a patient. With this method, we show the presence of spatially localized intrinsic specific spectroscopic biomarkers of breast tumors. 
